We present a comparative study about the detectability of a hydrocarbon reservoir in a marine environment, using controlledsource electromagnetic (CSEM) methods both in the time and frequency domain. The target is a thin resistive body buried at a certain depth under the sea floor. Depth of the sea, and depth, thickness and resistivity of the reservoir are variable model parameters. For different sets of these parameters we calculated synthetic electromagnetic (EM) responses using a parallel version of the three-dimensional (3D) time-domain finitedifference forward modeling code by Commer and Newman (2004) and the 3D frequency-domain finite-difference code by Newman and Alumbaugh (1995) . To compare the responses quantitatively, signal-to-noise ratios (SNR) were calculated as a function of time/frequency and source-receiver separation. SNR was calculated using the scattered field response of the reservoir as signal and the response of the background, in our case a two-layered model, as noise.
INTRODUCTION
Marine controlled-source electromagnetics (CSEM) is a promising yet challenging method in modern geophysical exploration for hydrocarbon reservoirs (MacGregor and Sinha, 2000; Eidesmo et al., 2002; Ellingsrud et al., 2002; Johansen et al., 2005, among others) . It is important as a supplementary method to seismic surveys. Recent works on modeling and inversion of marine CSEM data include (Abubakar et al., 2006; Constable and Weiss, 2006; Hoversten et al., 2006; Um and Alumbaugh, 2005, among others) .
In contrast to time-domain electromagnetic (TDEM) methods and its corresponding data interpretation tools, the development and application of frequency-domain (FDEM) methods for marine surveys has made significant progress. In this paper we investigate the detectability of a 3D hydrocarbon reservoir in a marine environment. The first section presents synthetic responses obtained for different 3D hydrocarbon reservoir models with a time-domain and a frequency-domain finitedifference (FD) forward modeling solutions. Further, the two solutions are compared in their ability to detect a deep hydrocarbon reservoir. This comparison is presented in the form of a signal-to-noise ratio (SNR), contoured as a function of time/frequency and source-receiver offset.
NUMERICAL EXAMPLES
In this study a typical 3D hydrocarbon reservoir model, shown in Figure 1 , is employed. The model consists of a thin resistive target buried at a certain depth under the sea floor. Four different seawater depths are considered, h 1 = 100, 200, 400 and 1000 m. We also varied the depth (h 2 = 200, 400, 1000 m), thickness (h 3 = 100, 200, 400 m), and resistivity (ρ 3 = 20, 30, 50, 100 Ohm·m) of the reservoir. The reservoir itself extends 2000 m along the x and y axes, and its center is located at x = 0 m and y = 0 m. The EM responses were simulated using the 3D TDEM finite-difference forward modeling code of Commer and Newman (2004) and the 3D FDEM finitedifference code of Newman and Alumbaugh (1995) . 
Time-domain modeling
We first analyze TDEM responses over the thin resistive target. The signals are excited by a 250-m long x-oriented grounded wire. Three transmitter locations at the bottom of the sea are considered, marked by the white horizontal arrows in Figure 1 , these are x tr = −2000, −1000, 0 m, with y tr = 0 m and z tr = 0 m constant. The TDEM responses were calculated for a profile of 45 receivers with a receiver spacing of 250 m along the x-axis. The profile is located 50 m above the sea floor.
To choose an optimal 3D grid for our simulations, its responses are calculated for a 1D layered model without the resistive target and compared against a quasi-analytical solution by Hoversten and Morrison (1982) . For the survey scenario depicted in Figure 1 , a grid of 153 × 153 × 90 nodes was used. Its smallest mesh spacing is ∆ min = 50 m, hence, the initial time step required by the FD scheme of Commer and Newman (2004) is ∆t 0 = 10 −4 s.
Impulse source
First, we consider an impulse signal for source excitation. The horizontal, E x , and the vertical, E z , electric fields were calculated for all (4 × 3 × 3 × 4 = 144) possible values of the model parameters (h 1 , h 2 , h 3 and ρ 3 ). Step-off source Keeping the geometry of the model and positions of the sources and receivers unchanged, we also simulated the responses generated by a step-off source signal. Here, field generation is caused by shutting off an initially steady current within the horizontal grounded line source. 
Frequency-domain modeling
It shall now be investigated to what extent a target response can be detected by the FDEM method. In order to be able to compare this method with TDEM, the model geometry and survey configuration were kept identical for both methods. The only difference is that now the x-directed horizontal electric dipole is energized with a sinusoidal waveform of a particular frequency.
In this study 6 frequencies are considered, these are 0.01, 0.03, 0.1, 0.3, 1 and 3 Hz. For each of the frequency pairs 0.01/0.03, 0.1/0.3, and 1/3, a separate 3D numerical grid is employed. The 3D frequency-domain FD code by Newman and Alumbaugh (1995) is used for modeling. In order to verify the responses computed on the FD grids against quasi-analytical 1D solutions, we replaced the 3D resistive target by a continuous resistive layer, thus considering a 5-layered model (air, sea water, seabed, the resistive layer and again seabed). Figure 5 ). However for the deep water example (blue line) the 3D reservoir model starts to produce a larger scattered field and the difference to the background response grows until the receiver position reaches about 2500 m. Beyond this receiver position, the difference diminishes and then vanishes. The signal at this receiver distance is affected by the known effect caused by the air-water interface, when a strong airwave arrives at the sea floor. This airwave contains no information about the resistivity structure of the seabed. For sourcereceiver offsets larger than twice the seawater depth, the airwave starts to influence the EM signal, which is known as the airwave problem, see for example MacGregor et al. (2006) . The depth of the sea controls the source-receiver offset, where sensitivity to the target is diminished or lost due to the airwave arrival. Because of this problem it is more difficult to detect the reservoir for shallow sea water. This is a disadvantage of the FDEM method.
COMPARISON OF TIME-DOMAIN AND FREQUENCY-DOMAIN METHODS
To compare TDEM and FDEM responses, signal-to-noise ratios (SNR) were calculated for both methods. In this study signal is defined as the scattered horizontal electrical field of the reservoir, as noise the response of the background medium without the target. We show contour plots of SNR as a function of the source-receiver offset and time (or frequency) for the TDEM (or FDEM) modeling. In Figure 6 we present the SNR for the model with shallow water (h 1 = 200 m) and deep target (h 2 = 1000 m), since this case happens to be the most difficult for all the methods considered. Figure 6 (a) presents the SNR for the TDEM method when the model is energized by the impulse signal, Figure 6 (b) shows the SNR for the step-off signal, and Figure 6 (c) shows the ratio for the FDEM method. To detect the reservoir, we require a minimum SNR of 0.1. When the transmitter is excited by the impulse signal, TDEM yields SNR values as large as 0.5, which indicates a very good target detectability. However, the contour plot in Figure 6 (a) shows that this region is relatively narrow, limited to a time range of 1.3 s to 2 s, and a range of source-receiver offsets between 3750 m and 4000 m. The SNR does not get larger than 0.2 using the step-off source (Figure 6(b) ). Therefore the impulse seems to be a favorable signal form for the TDEM method.
An important result is that TDEM together with the impulse source signal can detect the reservoir over the whole range of the receiver profile. Comparing the SNR values with the ones obtained using the FDEM method, the TDEM results indicate a better reservoir detectability. Also, we found that this is true for other transmitter positions (not presented here). The FDEM method is able to detect the target for source-receivers offsets from approximately 2000 m and up to 7000 m.
CONCLUSIONS
This preliminary study indicates that the TDEM method using an impulse source signal has a potentially better ability for de- tecting the type of hydrocarbon reservoir considered here. An advantage is that the airwave problem, encountered in FDEM methods, can be overcome. However, we believe that other source signal waveforms should also be analyzed.
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